An intermolecular potential energy surface was derived for the hydrogen-bonded water trimer as a function of the three torsional angles 1 , 2 , 3 , for energies up to 1300 cm Ϫ1 ͑3.7 kcal/mol͒ above the global minimum. The O•••O distances and the intramolecular geometry of the H 2 O molecules are held fixed. This surface is based on the ab initio calculations presented in a companion paper ͓W. Klopper et al., J. Chem. Phys. 103, 1085 ͑1995͔͒, which involve very large basis sets and the most extensive treatment of correlation energy for calculations of ͑H 2 O͒ 3 so far. The 70 ab initio interaction energies, multiplied by six due to the S 6 symmetry of the surface, were fitted using an analytical potential function, with an average error of Ϸ11 cm
I. INTRODUCTION
Small water clusters are of special interest due to the importance of water as a ''universal'' solvent. A microscopic understanding of the intermolecular interactions between water molecules is fundamental to chemistry ͑solvation, hydrate, and clathrate structures, stratospheric and comet chemistry͒, physics ͑ice structures, atmospheric transmission in the 0-100 cm Ϫ1 range͒, biology ͑enzymatic mechanisms, protein, and DNA folding͒, and meteorology ͑composition of noctilucent and stratospheric clouds͒. The characterization of the intermolecular water-water interactions has successfully proceeded in terms of a hierarchy of two-, three-, and higher many-body interactions, an approach pioneered by Clementi and co-workers. [1] [2] [3] In order to establish accurate three-body contributions to the intermolecular potential energy surfaces ͑PESs͒, the water trimer is one of the prototype systems to investigate.
Recently, far-infrared ͑FIR͒ laser spectroscopy has given new insight into the low-frequency vibrational excitations of the water trimer. Vibration-rotation-tunneling bands of ͑H 2 O͒ 3 and ͑D 2 O͒ 3 have been measured in the 40-90 cm Ϫ1 range by both the Berkeley 4 -6 and Caltech groups. 7 The spectroscopic data measured so far are consistent with a cyclic hydrogen-bonded structure, with all three monomers acting as both H bond acceptors and donors, 1,4 -12 undergoing large-amplitude torsional or ''flipping'' motions of the free O-H bonds in the observed ground states. 4, 9 These motions correspond to the torsions of the three nonhydrogen-bonded ͑''free''͒ O-H bonds around the hydrogen-bonded O-H bonds, measured as the H-O-H•••O dihedral angle, defined as 1 , 2 , 3 in Fig. 1 .
There are a number of important torsional structures and versions thereof, which can be represented in torsional angle space ͕ 1 , 2 , 3 ͖, as shown in Fig. 2 ͑see also ref. 8͒ . We use the termini ''structure'' for a generic minimum-or saddlepoint geometry, which is associated with several ''versions'' that differ only in the arrangement of labeled atoms of the same chemical element, as defined by Bone et al. 13 The coordinate origin of ͕ 1 , 2 , 3 ͖ space is taken as the planar C 3h symmetric structure ͑of which there is only one version͒ with all three H atoms ''planar,'' i.e., (ppp). There are six versions of the global minimum, corresponding to the C 1 symmetric ''chair'' structure, with two H atoms above the O•••O•••O ͑O 3 ͒ plane ͑denoted ''up''ϵu͒, and one hydrogen below this plane ͑denoted ''down''ϵd͒. The set of six versions is collectively denoted ͕uud͖, and the individual versions, denoted (udu), (udd), etc., are defined in Fig. 2 . In between the six versions of ͕uud͖ in ͕ 1 , 2 , 3 ͖ space, there are six versions of the lowest-energy transition structure, with one of the free O-H bonds almost in the O 3 plane ͑denoted planarϵp͒. This set is collectively denoted ͕upd͖.
Another important structure is the C 3 symmetric ''crown'' structure, with all three hydrogens up or down, of which there are two versions, denoted (uuu) and (ddd), also indicated in Fig. 2 .
The flipping motions dynamically average over all of these conformers. 4 -7,9,14 Based on the ͕ 1 , 2 , 3 ͖ coordinates, we previously modeled the large-amplitude torsional dynamics of the water trimer in terms of a one-dimensional hindered pseudorotation Hamiltonian with an effective sixfold pseudorotation barrier V 6 . 8 Fits of the pseudorotational level spacings to the abovementioned FIR data were successful to a degree, 5, 7 but there now seem to be more bands than can be assigned in terms of this model.
A further motivation for this work comes from the study of microhydrated hydroxyaromatics, which show similar large-amplitude torsional dynamics, and are much less well understood. Recently, we [15] [16] [17] and others 18 -20 have investigated phenol•͑H 2 O͒ 2 , 1-naphthol•͑H 2 O͒ 2 , and 2-naphthol•͑H 2 O͒ 2 . All of these clusters exhibit lowfrequency excitations in the 5-100 cm Ϫ1 range which may also be due to intermolecular torsional vibrations. Ab initio calculations reveal structural and vibrational analogies of pure water clusters to the phenyl or naphthyl substituted water clusters. 15, 16 The aim of this work is to derive an accurate and rapidly computable analytical intermolecular torsional PES. This PES is based on very accurate ab initio calculations of the interaction energies; a companion paper ͑denoted paper II͒ 21 presents methods, basis sets, benchmarks, and details of these calculations, and gives the interaction energies calculated at 70 different torsional geometries of ͑H 2 O͒ 3 . For the analytical function used in the fit we chose to use one of the two-body water-water model potentials currently available. Compared to other functional representations, such as trigonometric polynomials or spherical harmonics in the torsional angles ͕ 1 , 2 , 3 ͖, the water-water potentials have parameters with some physical meaning, which may allow a physical interpretation. However, we are not trying to provide another two-body potential for bulk water simulations.
Based on this accurate torsional PES, coupled two-or three-dimensional quantum mechanical calculations of torsional levels and dynamics may be performed, 22 which can then be compared to the FIR spectra. 4 -7 The adequacy of such a treatment rests on the mode separability, most importantly between intermolecular stretches and torsions. We have previously established that for ͑D 2 O͒ 3 the intermolecular torsions and stretches are coupled only weakly, although for ͑H 2 O͒ 3 , they are not negligible. 8 This point is discussed in depth in paper II.
Section II discusses several widely used analytical water-water model potentials, their applicability to the water trimer torsional PES, and reasons for the choice of one of these potentials. Section III visualizes the form of the fourdimensional V ͑ 1 , 2 , 3 ͒ surface using a sequence of threedimensional sections, and discussed the stationary points on the surface. Section IV presents and discusses qualitative nodal properties of the lowest 24 torsional wave functions.
II. EMPIRICAL WATER-WATER POTENTIALS AND THE MODIFIED EPEN-2 POTENTIAL
In the following, several water-water effective pair potentials are briefly reviewed with respect to their suitability to the present task. Effective pair potentials have been widely used for liquid water simulations, although the role of threeand higher many-body terms [1] [2] [3] 23, 24 is only incorporated in an average way. In all cases, the H 2 O monomer is held rigid at the experimental ͑or a very similar͒ geometry.
Simple point charge model (SPC): 25, 26 The water-water interaction energy is calculated from the electrostatic energy between point charges on the atoms and a Lennard-Jones ͑LJ͒ interaction between oxygen atoms. The charges and LJ parameter were derived from molecular dynamics ͑MD͒ simulations to fit the experimental density and vaporization energy.
Transferable intermolecular potential functions (TIPS2), (TIP3P), (TIP4P):
27 These are similar to the SPC model. All use the experimental H 2 O geometry ͓R͑O-H͒ϭ0.9572 Å and Є͑H-O-H͒ϭ104.52°͔. The three atoms are sites for point charges; a LJ interaction is assumed between O atoms only. The SPC and the TIP3P potentials differ only in slightly distinct water geometries and parameters, both being threeparameter potentials ͑one charge and two LJ parameters͒. TIP3P was modified by moving the charge from the O atom to a site M on the C 2 axis of the water molecule. The resulting TIPS2 and TIP4P are four parameter models with the fourth parameter being the O•••M distance.
Matsuoka-Clementi-Yoshimine (MCY) potential: 1 In contrast to SPC and TIPxx potentials, which were fitted to bulk properties and thus are effective pair potentials, the MCY is a pure pair potential derived from ab initio selfconsistent fieldϩconfiguration interaction ͑SCFϩCI͒ calculations on ͑H 2 O͒ 2 . The monomers are held rigid at the experimental geometry. Charge sites are placed on the H atoms and a site M on the C 2 axis of the molecule. 
Empirical potential using electrons and nuclei (EPEN):
28 This empirical potential was developed and applied in a wide-ranging study on ͑H 2 O͒ n clusters with nϭ2 -6. This model involves the most complex charge distribution of the pair potentials considered here: there are seven charge sites, charges of ϩ1.0e and ϩ6.0e on H and O, respectively, while the compensating negative charge is distributed over four charge sites of Ϫ2e each, which represent the binding electron pairs ͑BP's͒ and the lone pairs ͑LP's͒. The two BP's lie on the O-H axis at a fixed distance of 0.57 Å from the O atom. The two LP's lie in the v plane perpendicular to the HOH plane, the Є͑LP-O-LP͒ is fixed at 120°a t a distance R͑LP-O͒ϭ0.297 Å. Beside the electrostatic part there is an exponential repulsion term between electron pairs and an attractive R Ϫ6 term between the O atoms. The four potential types outlined above were investigated in the vicinity of the (udu), (upd), and (ppp) geometries, using equal O•••O distances Rϭ2.80 Å, and equal in-plane deviations of the hydrogen bonds from linearity ϭ20°, as defined in Fig. 1 . With these constraints, both the SPC, the TIPS2, and TIP4P potentials yield (ppp) as the lowest-energy structure, followed by (upd) and then (udu), in contrast to the results described below and in paper II. In contrast, both the EPEN and the MCY potentials yield ͕udu͖ as the minimum-energy structure, followed by ͕upd͖ and then (ppp), in qualitative agreement with our previous 8 and present results. A more detailed comparison is given in Sec. III B. Since the EPEN potential involves six parameters, but the MCY potential ten, we decided to employ the EPEN model potential.
EPEN yields a global minimum-energy structure for ͑H 2 O͒ 3 in relatively good agreement with recent experimental 4 -7 and theoretical 8, [10] [11] [12] studies, with R i ϭ2.89 -2.91 Å, i ϭ27°-30°, and i ϭ57°-60°(i ϭ1 -3). Also, EPEN predicts a ͕upd͖ transition structure with geometry and energy in relatively good agreement with the ab initio calculations. 8, 21 Finally, the EPEN intermolecular normal-mode frequencies compare well with the ab initio values, 8, 12 although no description of the EPEN eigenvectors is available in Ref. 28 . The EPEN function ͑in kcal/mol, charges in e, distances in Å͒ is
where i, j are water molecules, k, l are charge sites ͑nuclei or electron pairs͒, and m, n are electron pairs. The first term is the Coulomb interaction, the second term models the Pauli exchange repulsion between electron pairs, and the third term the dispersive attraction between O atoms. The experimental geometry of H 2 O is employed. 28 The EPEN parameters were fitted to 70 ab initio calculated energies ͑Table VI of paper II͒, to yield a threedimensional analytical torsional PES for ͑H 2 O͒ 3 . The resulting parametrization will be denoted modEPEN. All energies were taken relative to that of the (ppp) structure, arbitrarily fixed at zero energy. For both the BP's and the LP's, the magnitude of the ͑negative͒ charges and distances from the O atom were varied, as well as the parameters a and b of the exponential repulsion term. The c parameter was not included in the fit, since all ab initio geometries were calculated at fixed Rϭ2.800 Å. The H atom positive charge was set to half the magnitude of that of the binding electron pairs, while the O atom charge was set to twice the magnitude of that of the lone pairs plus the charge of one binding pair, to obtain electroneutrality. Also, our H 2 O monomer geometry, given in Ref. 21 , is very slightly different from that of Ref.
28.
The least-squares fit was performed by minimizing 2 ϭ ͚ nϭ1 70 (⌬E ab initio Ϫ⌬E EPEN ͒ 2 over the ab initio points, 21 using Powell's conjugate direction method. 29 ⌬E is the energy difference relative to that of the (ppp) reference structure. Minimizations were started with widely different sets of starting parameters, but all minimizations converged to the same final values. The convergence criterion ͑relative change in 2 from one step to the next͒ was set to 10
Ϫ8
. Table I shows the resulting modEPEN parameters for the fits to the BSSE corrected and uncorrected ab initio points, respectively, as well as the EPEN parameters from Ref. 28 . The rms deviations for our fits are Ϸ11 cm
Ϫ1
, with the fit for the BSSE uncorrected points slightly better than that for the BSSE corrected points, and quite similar parameter sets for the two fits.
The parameters obtained in these fits differ from the original EPEN parameters: the modEPEN O atom to binding electron pair distance (r b ) is 0.14 Å less than for EPEN, while the charge q b increases somewhat in modEPEN. The reverse is true for the lone pairs, which in modEPEN move from r 1 ϭ0.297 to 0.45 Å away from the O atom, simultaneously decreasing in charge ͑Ϫ0.6e, compared to Ϫ2.0e in EPEN͒. Also the part describing the repulsion between electron pairs is quite different: the preexponential and exponential factors are about twenty and five times larger in EPEN. This results in a larger repulsion energy between electron pairs for EPEN at short distances Ͻ1.11 Å, while at larger distances EPEN is less repulsive. The largest difference between the parametrization for the BSSE corrected and uncorrected surfaces is for parameter b, such that for the fit to the BSSE corrected energies the repulsion between electron pairs is larger at distances larger than 0.14 Å.
Several physically motivated features realized in EPEN, i.e., that electron pairs have charge Ϫ2.0e and H and O nuclei have charge ϩ1e and ϩ6e, respectively, are lost in the present fit. Thus, the modEPEN hydrogen nuclei have charges of ϩ1.17e and lone pairs have charges of about Ϫ0.6e. Also, the present fits refer to a restricted part of the intermolecular PES of ͑H 2 O͒ 3 , i.e., from points with different torsional angles but rigid hydrogen bonded ring. The model should thus only be used for applications within this restricted part of the PES.
III. (H 2 O) 3 INTERMOLECULAR TORSIONAL POTENTIAL ENERGY SURFACES

A. General description of the surface
The four-dimensional surface V ͑ 1 , 2 , 3 ͒ is presented as a series of three-dimensional ͑3D͒ cuts at fixed potential energy, i.e., a series of 3D isopotential surfaces. The torsional angle coordinate system is defined in Fig. 2. In Fig. 3 , the coordinates 1 , 2 , 3 are oriented such that one of the global minima, chosen arbitrarily as the (udu) version, lies towards the observer. The C 3 /S 6 symmetry axis of the PES runs diagonally through the coordinate cube, from (ddd) at the bottom left-hand corner to (uuu) at the top right-hand corner. Figure 3 shows the isopotential surfaces at V ϭϪ530, Ϫ480, and Ϫ270 cm , the six coalescence points between the six disjoint parts of V ͑ 1 , 2 , 3 ͒ can be observed. These coalescence points, which lie at V ϭϪ480.8 cm
Ϫ1
, are first-order stationary points and correspond to the set of six versions of the ͕upd͖ transition structure. 8 Above this energy, isomerization between the six versions of ͕uud͖ can occur classically. Note that in the modEPEN potential the torsional angle of the ''planar'' H 2 O molecule is almost exactly 0°, while in our previous work it was predicted to be Ϫ2°. 8 The surface at V ϭϪ270 cm Ϫ1 exhibits a small closed region at the upper right-hand side, corresponding to the crown (uuu) structure; the enantiomeric (ddd) structure is Fig. 2͑b͒ is rotated counterclockwise by 45°and tipped forward, relative to the orientation of Fig. 2 . The lowest isopotential surface at V ϭϪ530 cm Ϫ1 shows six separated closed isopotential surfaces enclosing the six versions of the ͕uud͖ minimum-energy structure. The isopotential surface at VϭϪ480 cm Ϫ1 shows the merging of the six separate surfaces, the necks lie at the set of six ͕upd͖ stationary points. The lowest isopotential surface at VϭϪ270 cm Ϫ1 shows the appearance of the surface region enclosing the (uuu) crown structure, in the upper right-hand corner.
hidden on the lower left-hand side. It is interesting that the ͕uuu͖ structures correspond to local minima on the modE-PEN surface. Whether they correspond to local minima on the ab initio surface will be discussed below; the existence of a minimum corresponding to this structure is very basis set dependent. 8, 30 It will be interesting to see whether these minima can support a localized torsional wave function. The estimates of the pseudorotational 1 frequencies discussed below place the ͉m͉ϭ0 -3 states of ͑D 2 O͒ 3 below this energy. However, for ͑H 2 O͒ 3 the higher m states ͑Ϯ2 and Ϯ3͒ should lie within or above this energy, implying that the pseudorotational level spacing pattern is qualitatively different for the two isotopomers. Figure 4 displays three further isopotential surfaces at higher potential energies. The surface at V ϭϪ261 cm Ϫ1 is just above, the next set of stationary points, which are the transition structures which lie between the ͕uuu͖ set and the ͕uud͖ set, respectively. There are three such transition structures between the (uuu) version and the homochiral set of versions (udu), (uud), and (duu). Thus, along the minimum-energy path from (uuu) to, say, the (udu) structure, 2 goes from up to down, passing through zero along the way. In the transition structure the angle is 28.5°, about ''halfway'' to planarity, and denoted h. The set of three transition structures is denoted ͕uhu͖ϭ͕(uhu),(huu),(uuh)͖. The pathways via the ͕uhu͖ transition structures are the lowest-energy chirality-conserving classical isomerization paths on the torsional surface. There is a second symmetryrelated set of three transition structures, denoted ͕dhd͖.
These lie between the (ddd) crown version and the homochiral set corresponding to the (udd), (dud), and (ddu) versions. The latter barriers are not visible in Fig. 4 , but lie at the angles corresponding to the ͕uhu͖ versions related by the S 6 symmetry operation of the surface.
Regarding the chirality of arbitrary points in ͑ 1 , 2 , 3 ͒ space, we note that the space can be divided by a plane which goes through the coordinate origin, and is normal to the ''polar'' axis which runs from the (uuu) to the (ddd) cube corner. In symmetry-adapted coordinates, this plane is spanned by 2 and 3 , see Ref. 8 and paper II. The spacefixed inversion operation E* of the molecular symmetry group G 6 ͓͑also denoted C 3h ͑M͒ 4 ͔ converts each structure into its enantiomer. In ͑ 1 , 2 , 3 ͒ space, E* carries any point above the 2 -3 plane into an inversion-symmetric point below this plane. Hence this plane also separates the two half-spaces of same chirality.
The next isopotential surface in Fig. 4 , at V ϭϪ214 cm
, lies at an energy just below the coalescence point of the six ''holes''. At Ϫ210.6 cm Ϫ1 , the holes disappear; these are second-order stationary points, which correspond to barriers along the potential energy ridge from (uuu) to say, (udd), and which we denote by ͕upp͖. At V ϭϪ190 cm Ϫ1 , the outer part of the surface has closed completely; for this isopotential surface a cut is shown in Fig. 4 , revealing the roughly ellipsoidal inner surface. This inner surface forms at Ϫ210.6 cm
, following coalescence at the ͕upp͖ points.
The classically accessible region of torsional space lies between the inner and outer surfaces.
B. Stationary points
Collecting the information given above, there are six sets of stationary points on the V ͑ 1 , 2 , 3 ͒ surface: the six global minima ͕uud͖, the six pseudorotation barriers ͕udp͖ ͑first-order critical point͒, the two local minima (uuu) and (ddd), the set of six transition structures ͕uhu͖ ͑first order͒, the set of six transition structures ͕upp͖ ͑second order͒, and the planar C 3h symmetric ( ppp) structure, which is a thirdorder critical point. Table II gives an overview over the torsional angles and energies corresponding to these stationary points, as determined from the modEPEN surface. Note that the ͕upd͖ barrier height above ͕uud͖ is 98.1 cm
Ϫ1
, all other intra-and intermolecular coordinates being frozen.
The (uuu)/(ddd) crown minima and the ͕uhu͖ transition structures were not known previous to the fit performed here. It was thus of interest to determine whether these are real features of the ab initio torsional potential, or merely artefacts of our fitting procedure. The crown minimum is especially sensitive in this respect, since modEPEN predicts a depth of only 12.8 cm
, which is of the order of the rms error of our fit. We therefore calculated the ab initio MP2-R12 energies at the six stationary geometries predicted by the modEPEN function in the same way as for the 70 points used to fit the surface. The results are given in the fourth column of Table II ; they were obtained after the modEPEN fit was performed, and may be considered representative of the predictive quality of this function. The modEPEN predictions are correct to within 3-5 cm
, with the exception of the (uuu) energy, which is predicted 10 cm Ϫ1 too low. Nevertheless, the modEPEN prediction of a local (uuu) minimum remains correct, although the (uuu) to ͕uhu͖ barrier decreases to only 8.3 cm
. Also given in Table II are the potential energies, relative to the (ppp) energy, calculated using four of the other model potentials discussed in Sec. II: the original EPEN parametrization, as well as the MCY, 1 TIP4P, 27 and SPC 25 potentials. Note that all energies were calculated at the same torsional angles as for the modEPEN potential, and the values given are not the energies of the corresponding stationary points of the individual models. It is seen that of these other model potentials, only EPEN correctly yields (ppp) as the highest stationary point in torsional angle space. Both EPEN and MCY correctly give ͕uud͖ as the lowest-energy structure.
The MCY potential also yields a qualitatively correct sequence of energies for the stationary points, except for (ppp). However, both TIP4P and SPC give ( ppp) as the lowest-energy structure, and generally predict incorrect energetic sequences for the other structures.
IV. TORSIONAL WAVE FUNCTIONS
Some qualitative considerations of the shape and topology of the torsional wave functions are of interest with respect to forthcoming quantum-mechanical calculations. 22 Because the separation between intermolecular torsional and stretching modes in terms of internal coordinates is better for ͑D 2 O͒ 3 ͑cf. Ref. 8 and paper II͒, we consider only this isotopomer in the following. First, we consider the topology of some of the lowest wave functions.
Since the intermolecular PES has S 6 symmetry, the wave functions are also classified under S 6 . As noted by Wales, 9 the cyclic tunneling problem between the six versions of the ͕uud͖ structure is isomorphic to the Hückel treatment of the -electron system of benzene: the nearest-neighbor tunneling matrix elements are analogous to the Hückel ␤ nearestneighbor resonance integrals. If one considers only the pseudorotational motion on this surface, the vibrational ͑i.e., torsional͒ wave functions will also reflect this isomorphism to HMO electronic wave functions. On the other hand, we can consider the three torsional fundamentals in a normal mode picture, with the ͑D 2 O͒ 3 localized at one of the versions of ͕uud͖. The three normal modes 1 , 2 , and 3 , as shown in Ref. 8 , are local one-dimensional vibrational basis functions localized at each version of ͕uud͖. The local vibrational ground state is a local three-dimensional s-type basis function ͑product of three one-dimensional basis functions͒ in ͑ 1 , 2 , 3 ͒ space. Single-quantum excitations in 1 , 2 , and 3 , correspond to p-type wave functions in ͑ 1 , 2 , 3 ͒ space. Each set of these local basis functions can be suitably combined in a Hückel-type procedure to give the delocalized vibrational functions characteristic of the fluxional water trimer. The combination of these six s-type basis functionsone on each version of ͕uud͖-leads to the pseudorotational manifold a g , e u , e g , a u ͑lower͒, with the approximate quantum numbers mр3 for pseudorotation around the S 6 axis, cf. Refs. 7 and 8. These wave functions are shown in Fig. 5 , as viewed down the S 6 axis from (uuu). Corresponding onedimensional eigenvalues were given in Ref. 8 ͑where the symmetry labels were those appropriate for the C 6 group, e.g., a, e 1 , e 2 , b ͑lower͒. 31 The nodal properties of the pseudorotational wave functions are analogous to the benzene HMO wave functions, except that now the local basis is of s type. The separably degenerate e u and e g pairs are complex wave functions; Fig. 5 shows linear combinations which correspond to the purely real or purely imaginary parts. For the lower a u level in Fig. 5 the nodal planes pass through the ͕upd͖ barriers, approximately normal to the six ''necks'' that are visible in the isopotential surfaces of Fig. 3 , the phase alternating from one minimum to the next.
The next set of local basis functions are those with one local node, either in 1 , 2 , or 3 direction, corresponding to local vibrational p-type wave functions. Due to the S 6 symmetry, the directions of the axes of the vibrational ''p'' func- tions must be oriented either ͑i͒ parallel to the 2 / 3 plane, in a direction tangential to the pseudorotation path, or ͑ii͒ in this plane, oriented radially from ͕uud͖ towards the (ppp) origin, normal to the pseudorotation path, or ͑iii͒ parallel to the S 6 axis and normal to the 2 / 3 plane. Each of the locally excited p-type basis functions may in turn be combined into a pseudorotational manifold, as for the s-type functions.
The 2 normal mode varies all i angles synchronously, see Ref. 8 and paper II, and corresponds to the fundamental excitation of the local mode with the p wave function axis normal to the 2 / 3 plane, case ͑iii͒. Combinations of six such basis functions leads to a pseudorotational manifold built on 2 , which are delocalized vibrational wave functions analogous to the benzene HMO electronic wave functions. Viewed from above, they would look like the manifold depicted in Fig. 5 , and are hence not shown pictorially. However, the lowest mϭ0 delocalized wave function of this manifold transforms as a u , and for all m's the symmetry with respect to inversion at ( ppp) is opposite to that of the 1 manifold. The 3 corresponds to a radially oriented p function ͓case ͑ii͒ above͔, denoted p radial . This basis can also be combined to a pseudorotational manifold, as shown in Fig. 6 for mϭ0 -͉3͉. Note that the symmetry labels are the same as for the s-type manifold.
Finally, there must be a p-type torsional basis function which is oriented tangentially along the pseudorotation path, denoted p tangential . When examining the upper a u (mϭϪ3) level, shown in Fig. 5 , one notes that the nodal planes pass through the ͕uud͖ minima and the polar axis, and that the phase stays the same across the ͕upd͖ barriers. This is the desired lowest tangentially oriented p-type excitation, which correlates with the normal mode 1 . Thus, the ͉m͉ϭ3 -6 levels, in continuation of the s-type pseudorotational manifold shown in Fig. 5 can be viewed as the ͉m͉ϭ0 -3 pseudorotational manifold built on p tangential .
Thus, in a localized-mode picture the ground state is a local s-type wave function, and the three singly excited torsional normal modes 1 , 2 , and 3 are three local p-type wave functions, which are approximately orthogonal in 1,2,3 space. In a delocalized description, these four local basis functions are used to construct four sets of six delocalized pseudorotational wave functions each. The latter are symmetry adapted to the ͑ 1 , 2 , 3 ͒ torsional subspace, and are physically relevant, due to the low barriers to torsional motion.
Going beyond this simple picture, one notes that perturbative interactions between the zero-order wave functions are restricted to levels of the same symmetry: thus, the mϭ3͑upper͒ to mϭ6͑lower͒ wave functions in Fig. 5, i. e., the pseudorotational manifold built on 1 transform as the manifold built on 2 . The respective zero-order levels may be close in energy, and hence some mixing between these levels is expected. Analogous mixing may also occur between the e u and e g wave functions of the 1 and 3 manifolds, respectively. FIG. 5 . Schematic representation of twelve of the low-lying intermolecular torsional wave functions of ͑D 2 O͒ 3 as viewed from the (uuu) corner down the S 6 axis of the ͕ 1 , 2 , 3 ͖ coordinate system, cf. Fig. 2 . The approximate internal rotation quantum number ͉m͉ and the symmetry labels under S 6 symmetry are also shown. The first six excitations can be viewed as linear combinations of a local s-type vibrational wave function, yielding the first six pseudorotational wave functions from ͉m͉ϭ0 to 3. The following six functions from the a u (͉m͉ϭ3) to 6 are profitably viewed as combinations of a local tangential p-type vibrational basis function. In a local normal-mode description this basis function has a nodal plane according to 1 .   FIG. 6 . A schematic representation of the lowest six pseudorotational wave functions built on a local radial or p-type basis function. In a local normalmode description this basis function has a nodal plane according to 3 .
V. CONCLUSIONS
An intermolecular PES was derived for ͑H 2 O͒ 3 as a function of the three torsional angles ͕ 1 , 2 , 3 ͖, for fixed and equal O•••O distances and fixed intramolecular geometry of the H 2 O molecules. This surface is based on the ab initio calculations presented in paper II, 21 which involve the largest basis sets and most extensive treatment of correlation energy for calculations of ͑H 2 O͒ 3 so far. Both BSSE corrected and uncorrected energies were fitted.
The calculated interaction energies were fitted using the EPEN-2 water-water interaction potential function of Scheraga et al., 28 treating six of the seven parameters as fit parameters. This model is denoted modEPEN. Both the BSSE corrected and uncorrected ab initio points were fitted, with final rms errors of Ϸ11 cm
Ϫ1
. Using the modEPEN function, six sets of stationary points were located within this torsional subspace. Further ab initio calculations at these stationary points showed that the deviations from the interaction energies predicted by analytical function are Ͻ10 cm
. The modEPEN function is rapidly computable, which will be of use in calculations of torsional eigenfunctions and -values, torsionally averaged geometries, state-specific dipole moments, and transition dipole moments between torsional states ͑IR intensities͒ of ͑H 2 O͒ 3 , ͑D 2 O͒ 3 , and the mixed isotopomers. We also expect that the modEPEN function is flexible enough to be adapted to other PES calculations in torsional space, other intermolecular vibrational coordinates, and larger cyclic ͑H 2 O͒ n clusters.
Visual representations of the surface were given as a series of three-dimensional isopotential surfaces, for potential energies ranging from VϭϪ530 to Ϫ190 cm
, taking the (ppp) structure as the energy zero. These representations are helpful in visualizing the classically accessible ͑or inaccessible͒ torsional angle space at any given energy, the location of the global and the local minima, the different torsional barriers, and the approximate outline of the torsional wave functions.
Finally, some of the nodal properties of the torsional wave functions were discussed, and a simple description introduced which uses local s-and p-type vibrational basis functions centered at the ͕uud͖ geometries, which are then combined to give the six ͉m͉ϭ0 -3 levels of a pseudorotational manifold for each torsional mode. This simple model embodies features of both the normal mode ͑local͒ and pseudorotational ͑delocalized͒ representations.
Ideally, quantum mechanical calculations involving all coordinates simultaneously should be compared with the spectroscopic data. Given the difficulties of calculating a 12-dimensional surface and of determining the eigenvalues and -functions thereupon, we have initially restricted the treatment to the three torsional coordinates only. Further work will be directed towards exploring the other intermolecular coordinates, a prime candidate being the hydrogen bond stretch or R͑O•••O͒ coordinates.
